Introduction
============

In mammals, the SLIT-ROBO-GTPase activating protein (srGAP) family consists of four members, srGAP1, 2, 3 and 4. These proteins were identified as the downstream regulators of the Slit and Robo receptor system and are important in numerous developmental processes in diverse cell types ([@b1-mmr-14-05-4599]--[@b3-mmr-14-05-4599]). During neural development, srGAP1, 2 and 3 are widely expressed in the nervous system and function as multifunctional adaptor proteins involved in neuronal migration, neuronal morphogenesis, neurite outgrowth and synaptic plasticity ([@b1-mmr-14-05-4599],[@b3-mmr-14-05-4599]--[@b8-mmr-14-05-4599]).

srGAP1 binds to the CC3 conserved cytoplasmic domain of Robo1 and mediates the blocking effect of Slit on neural progenitor migration via inactivated Ras homologue gene family, member A and cell division control protein 42 homolog (Cdc42), but not Ras-related C3 botulinum toxin substrate 1 (Rac1) ([@b3-mmr-14-05-4599]). srGAP3 regulates Rac1 and Cdc42 and is involved in neuronal morphogenesis and neurite outgrowth ([@b3-mmr-14-05-4599],[@b9-mmr-14-05-4599]). By contrast, srGAP2 negatively regulates cortical neuronal migration via its IF-BAR domain and promotes neurite outgrowth and branching ([@b7-mmr-14-05-4599]). In addition, the srGAP2 gene has recently been implicated in a severe neurodevelopmental syndrome resulting in infantile epileptic encephalopathy, and srGAP2 knockout mice are prone to epileptic seizures. Similarly, the srGAP3 gene has been associated with mental retardation, and the knockout mice develop lethal hydrocephalus or 'schizophrenia-associated' behaviors ([@b6-mmr-14-05-4599],[@b10-mmr-14-05-4599]--[@b13-mmr-14-05-4599]). The underlying mechanisms that are involved in the differences between the various srGAPs remain to be elucidated.

NSCs/NPCs are a group of undifferentiated mulitpotent cells which give rise to three predominant types of cells in the nervous system ([@b14-mmr-14-05-4599]--[@b15-mmr-14-05-4599]). They act as valuable tools for the study of neural development. During development, NSCs/NPCs develop different cellular morphologies whilst retaining their basic properties. Our previous findings have demonstrated that the knockdown of srGAP3 attenuated NSC/NPC survival, proliferation and differentiation and arrested their morphological alteration *in vitro* ([@b16-mmr-14-05-4599]). The influence of srGAP2 on NSCs/NPCs development requires further elucidation.

As srGAP2 was expressed in the developmental rat brain until the 14th postnatal day ([@b17-mmr-14-05-4599]), the present study hypothesizes that, similarly to srGAP3, srGAP2 may exert its effect on neural development via alteration of NSC/NPC proliferation and differentiation. No direct association has yet been indicated between the expression of srGAP2 and the differentiation or morphological maturation of NSCs/NPCs. In addition, the expression pattern of srGAP2 during postnatal brain development changed dynamically ([@b17-mmr-14-05-4599]). The altered expression in the cytoplasm and nuclei may be associated with its particular function over time. In the present study, the expression of endogenous srGAP2 in NSCs/NPCs during differentiation *in vitro* was detected, and the proportion of srGAP2 positive cells within the differentiated cell population was analyzed, to elucidate the possible association between the dynamic expression of srGAP2 and the differentiation of NSCs/NPCs.

Materials and methods
=====================

### Brian tissue preparation

Six male Sprague-Dawley rats (weight, 250±15 g) were purchased from the Experimental Animal Center, Xi\'an Jiaotong University College of Medicine (Xi\'an, China). The environment was controlled with a 12:12-h light/dark cycle, 45--65% humidity, and room temperature of 20±2°C, and the rats had access to food and water *ad libitum*. All procedures involving animals conformed to the ethical guidelines of the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication no. 85--23, revised 1996), and those set out by the Xi\'an Jiaotong University. Rats were fixed by trans-cardiac perfusion with 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS) under anesthesia by intraperitoneal injection of 10% (w/v) chloral hydrate solution (300 mg/kg). Brains were dissected from the skull and then post-fixed with 4% PFA at 4°C overnight. Following gradient elution by sucrose solutions, brain tissue was cut in 15 µm sections for immunohistochemical staining.

### Culture of rat embryonic NSCs/NPCs

NSCs were isolated from the cerebral cortex of rat embryos on embryonic day 14 and cultured in serum-free growth medium following the protocol of Gage *et al* ([@b18-mmr-14-05-4599]) and optimized in our laboratory ([@b19-mmr-14-05-4599]). NSC/NPC growth medium contained Dulbecco\'s modified Eagle\'s medium/nutrient mixture F-12 (DMEM/F12), 10 ng/ml basic fibroblast growth factor, 20 ng/ml epidermal growth factor, 100 U/ml penicillin, 100 µg/ml streptomycin, 1% N-2, and 2% B-27 supplement (all from Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 0.4 IU/ml heparin (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). Cells were sub-cultured at 5--7 days *in vitro* (DIV). Upon passage, spheres were trypsinized and mechanically triturated into single cells and replaced at 1×105 cells/ml and cultured in growth medium as mentioned above.

### Induced differentiation of NSCs/NPCs in vitro

Serum was used to induce the spontaneous differentiation of NSCs/NPCs *in vitro*. Following passage, a sample of 5,000 NSCs/NPCs was suspended in 500 µl differentiation medium that contained DMEM/F12 with 1% fetal bovine serum (Invitrogen; ThermoFisher Scientific, Inc.). Cells were cultured on poly-L-lysine coated glass coverslips in 24-well plates and cell differentiation was observed at different time points. Glass coverslips with cells were washed with 0.01 M PBS at 1, 3, 7 and 14 days, respectively, followed by fixation with 4% PFA for 30 min at room temperature.

### Immunocytochemistry staining

Immunocytochemistry staining was performed following the standard protocol ([@b19-mmr-14-05-4599]). Monoclonal antibodies (EMD Millipore; Billerica, MA, USA) including mouse anti-nestin (1:200; cat. no. MAB353), mouse anti-β-tubulin III (1:200; cat. no. MAB5564), mouse anti-glial fibrillary acidic protein (GFAP; 1:500; cat. no. MAB360) and mouse anti-oligodendrocytes (1:2,000; cat. no. MAB1580) were used to identify NSCs, neurons and astrocytes, respectively. Polyclonal rabbit anti-srGAP2 (1:50) ([@b17-mmr-14-05-4599]) was raised in Dr Jin\'s laboratory and used to perform double staining with nestin, β-tubulin III and GFAP. Primary antibodies were diluted in 0.01 M PBS. Blocking solution contains 10% normal goat serum (CWBIO, Beijing, China) and 0.3% Triton X-100 in PBS. Tetramethylrhodamine and fluorescein isothiocyanate-conjugated goat anti-mouse IgG/anti-rabbit IgG (1:400; CWBIO; cat. nos. CW0152S and CW0113S) were used as secondary antibodies. Cell nuclei were counterstained with DAPI-containing mounting media (Vector Laboratories, Inc., Burlingame, CA, USA) and visualized under a fluorescent microscope (Olympus BX57; Olympus Corporation, Tokyo, Japan) equipped with a DP70 digital camera and the DPManager (DPController) software (Olympus Corporation). For the negative control, the primary antibody was replaced by 0.01 M PBS.

### Quantification and statistical analysis

Cell counting was performed using a 20x objective lens. Immunoreactive cells from 6 random fields (2 cover slips, 3 fields from each coverslip) were counted. All the quantitative data were obtained from three independent experiments. They were presented as the mean ± standard error of the mean, and the statistical analysis was performed with SPSS 13.0 software (SPSS, Inc. Chicago, IL, USA). A one-way analysis of variance followed by Tukey\'s test was used and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression of srGAP2 in the subventricular zone (SVZ) in vivo

NSCs/NPCs are distributed in the SVZ and can be stained by GFAP. Double staining immunohistochemistry was used to identify srGAP2 expression in NSCs/NPCs in the SVZ. The results demonstrated that endogenous srGAP2 is detectable in the ventricular zone (VZ)/SVZ of the adult brain and that it co-localizes with GFAP+ cells *in vivo* ([Fig. 1](#f1-mmr-14-05-4599){ref-type="fig"}).

### Culture and identification of rat embryonic NSCs

Cells were isolated from the cerebral cortex of rat embryos and cultured in standard growth medium. Neurospheres were observed at 5 DIV ([Fig. 2A](#f2-mmr-14-05-4599){ref-type="fig"}) and immunocytochemistry staining indicated that the majority of the cells were nestin+ ([Fig. 2B](#f2-mmr-14-05-4599){ref-type="fig"}). After 7 days culturing in a differentiation medium, β-tubulin III+ neurons ([Fig. 2D](#f2-mmr-14-05-4599){ref-type="fig"}), GFAP+ astrocytes ([Fig. 2E](#f2-mmr-14-05-4599){ref-type="fig"}) and oligodendrocytes^+^ oligodendrocytes ([Fig. 2F](#f2-mmr-14-05-4599){ref-type="fig"}) were detected. However a few of the cells did remain nestin+ ([Fig. 2C](#f2-mmr-14-05-4599){ref-type="fig"}). The data suggests that the cells cultured were NSCs/NPCs.

### Dynamic expression of srGAP2 during in vitro differentiation of NSCs/NPCs

With the spontaneous differentiation of NSCs *in vitro*, the number of nestin+ NSCs/NPCs markedly reduced. It was noted that over a period of 7 days, \~56.33±10.32% of cells were nestin+ (data not shown). srGAP2 was predominantly expressed in the cell nucleus ([Fig. 3A](#f3-mmr-14-05-4599){ref-type="fig"}). The expression of srGAP2 dynamically changed along with the decreased expression of nestin. The ratio of srGAP2+/nestin+ cells from the total nestin+ cells was \~80% at 7 and 14 days. It was significantly lower than that at 1 and 3 days (almost 100%, P\<0.05). No difference was observed between 7 and 14 days ([Fig. 3B](#f3-mmr-14-05-4599){ref-type="fig"}).

### Dynamic expression of srGAP2 in GFAP^+^ cells

Along with the differentiation of NSCs/NPCs *in vitro*, the expression of srGAP2 in GFAP+ cells was observed to further elucidate the association between srGAP2 and GFAP+ cells. srGAP2 was predominantly expressed in the cell nucleus ([Fig. 4A](#f4-mmr-14-05-4599){ref-type="fig"}), a similarity also observed in nestin+ cells. During differentiation, with the slightly enhanced expression of srGAP2 in cell nuclei, the ratio of srGAP2+/GFAP+ cells from the total srGAP2+ cells significantly increased ([Fig. 4Ba](#f4-mmr-14-05-4599){ref-type="fig"}; 41.48±3.37 to 51.02±5.47%; P\<0.05), while within the population of GFAP+ cells, this ratio was maintained at a similar level ([Fig. 4Bb](#f4-mmr-14-05-4599){ref-type="fig"}).

### Altered expression of srGAP2 in β-tubulin^+^ cells in vitro

During culture in the differentiation medium, \~28.9±3.06% of NSCs/NPCs differentiated into β-tubulin III+ neuronal progenitors/neurons at 7 days (data not shown). srGAP2 was observed to be expressed in almost all the β-tubulin III+ cells at 3 and 7 days, specifically in the cell nuclei ([Fig. 5A and B](#f5-mmr-14-05-4599){ref-type="fig"}). However, the percentage of srGAP2+/β-tubulin III+ cells compared with the total number of srGAP2+ and β-tubulin III+ cells was significantly reduced from 30.02±3.41 and almost 100% on the 3rd day to 15.38±1.66 and 68.25±2.75% on the 14th day, (P\<0.05). By contrast, no srGAP2 was observed in the cell cytoplasm of nestin+ cells on the 14th day.

Discussion
==========

The current study demonstrated that along with the differentiation of NSCs/NPCs *in vitro*, expression patterns of srGAP2 changed dynamically. It was expressed predominantly in cell nuclei and markedly decreased with the differentiation of NSCs/NPCs, particularly in β-tubulin III^+^ neuronal progenitors/neurons.

All members of the srGAP family are widely expressed in the nervous system and work as multifunctional adaptor proteins, however, different srGAPs have diverse patterns of expression that are often distinct from each other. This indicates that different srGAPs are likely to be important for different aspects of central nervous system development ([@b1-mmr-14-05-4599],[@b4-mmr-14-05-4599]). Although srGAP2 is detectable during rat neural development until postnatal day 14 ([@b17-mmr-14-05-4599]), it is notably absent from the site of neurogenesis, but often strongly detected in the region of neuronal migration and differentiation ([@b4-mmr-14-05-4599]). This demonstrates that srGAP2 may not be essential for the production of neuronal precursors. The immunohistochemistry staining of adult rat brain tissue conducted in the present study, demonstrated that srGAP2 is weakly expressed in the SVZ where neurogenesis occurs and that it co-localizes with GFAP^+^ type B cells, which refers to slowly proliferating cells. Furthermore, it has been confirmed that srGAP2 is involved in neural development, however it may not be involved in neuronal genesis.

Nestin is an intermediate filament protein expressed in dividing cells during the early stages of development. srGAP2 was expressed in nestin^+^ NSCs/NPCs throughout their *in vitro* differentiation. With the downregulation of nestin upon cell differentiation, the ratio of srGAP2/nestin double positive cells compared with total nestin positive cells declined significantly at 7 and 14 days. srGAP2 was expressed predominantly in the cell nucleus. Weak expression of srGAP2 in the cytoplasm markedly reduced after 7 days. This suggested that srGAP2 in cell cytoplasm may be involved in maintaining the stemness, or undifferentiated state, of the NSCs/NPCs. The results of the present study are partially supported by observations in the rat brain described by Yao *et al* ([@b17-mmr-14-05-4599]).

During neuro- and gliogenesis, nestin is gradually replaced by cell type-specific intermediate filaments, including neurofilaments and GFAP. It was observed that with astrocytic differentiation, srGAP2 was detectable in the cell nucleus only and significantly stronger at 14 days than 3 days. Although the percentage of srGAP2^+^/GFAP^+^ cells compared with the total GFAP^+^ cells is stable during gliogenesis, it is notable that the ratio of srGAP2^+^/GFAP^+^ cells to total srGAP2^+^ cells is significantly increased at 14 days. This indicated that srGAP2 in the cell nucleus may promote astrocytic differentiation of NSCs/NPCs *in vitro*.

By contrast, srGAP2 was expressed weakly in the cytoplasm but strongly in the cell nucleus in β-tubulin III^+^ cells at 3 days. The srGAP2 levels in the cell nucleus were markedly downregulated during neuronal differentiation. This is in contrast with the srGAP2 expression pattern in cultured neurons ([@b17-mmr-14-05-4599]). In addition, the percentage of srGAP2^+^/β-tubulin III^+^ cells from the total β-tubulin^+^ and the total srGAP2^+^ cells was significantly reduced at 14 days. This suggested that srGAP2 may negatively regulate NSCs/NPCs to differentiate into neurons *in vitro*. The srGAP3-Rac1 signal pathway may be involved in the attenuation ([@b20-mmr-14-05-4599]).

In conclusion, the present study suggests that srGAP2 is expressed in nestin^+^, GFAP^+^ and β-tubulin III^+^ cells at different time points throughout the life cycle of the cell, with distinct localization patterns. It suggests that srGAP2 is associated with cellular development of the nervous system. Throughout the differentiation period of the NSCs/NPCs *in vitro*, srGAP2 was demonstrated to be expressed at varying levels in different cell types. The translocation of srGAP2 in the cytoplasm and cell nucleus in different cell types may function as a director during cell fate decision. srGAP2 levels in the cell cytoplasm are involved in maintaining the stemness, or, undifferentiated state of NSCs/NPCs, whilst in the cell nucleus, it may promote astrocytic differentiation and attenuate neuronal differentiation of the NSCs/NPCs *in vitro*. As Rho-GTPases are known to have diverse roles in neurogenesis, srGAP2 will have different functional consequences. In addition, the srGAP2 gene has recently been implicated in a severe neurodevelopmental syndrome that causes early infantile epileptic encepholopathy and srGAP2 knockout mice are prone to epileptic seizures. Thus, srGAP2 may also be associated with neuronal functions. Further investigation into the underlying mechanisms of the diverse functions of srGAP2 in different cell types and different developmental periods is required.
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![Expression of srGAP2 in SVZ. Cells in the SVZ were double stained by GFAP and srGAP2. Scale bar=100 µm. LV, lateral ventricle; srGAP2, SLIT-ROBO Rho GTPase-activity protein 2; GFAP, glial fibrillary acidic protein; SVZ, subventricular zone.](MMR-14-05-4599-g00){#f1-mmr-14-05-4599}

![Culture and identification of NSCs. (A) Different sizes of neurospheres developed after 5 days culture in growth medium. (B) Single cells from the neurospheres were nestin^+^. (C) A number of the cells were remained nestin^+^ following culture in the differentiation medium for 7 days. NSCs differentiated into (D) β-tubulin III^+^ neurons, (E) GFAP^+^ astrocytes and (F) oligodendrocytes^+^ oligodendrocytes. Scale bar=20 µm. NSCs, neural stem cells; GFAP, glial fibrillary acidic protein.](MMR-14-05-4599-g01){#f2-mmr-14-05-4599}

![Expression of srGAP2 in nestin^+^ cells along NSCs/NPCs differentiation *in vitro*. (A) In addition to spontaneous differentiation of NSCs/NPCs *in vitro*, srGAP2 was expressed in the cell nucleus and cytoplasm of nestin^+^ cells at 1 and 3 days, however, expression weakens in the cytoplasm at 7 and 14 days. (B) The ratio of srGAP2^+^/nestin^+^ cells to total nestin^+^ cells was significantly decreased after 7 days. The values are presented as the mean ± standard error of the mean. \*P\<0.05 vs. 1 day, ^\#^P\<0.05 vs. 3 days. Scale bar=20 µm. srGAP2, SLIT-ROBO Rho GTPase-activity protein 2; NSC, neural stem cells; NPC, neural progenitor cells.](MMR-14-05-4599-g02){#f3-mmr-14-05-4599}

![Expression of srGAP2 in GFAP^+^ cells during differentiation *in vitro*. (A) srGAP2 was predominantly expressed in the nucleus of GFAP^+^ cells and slightly increased during the differentiation *in vitro* (arrows). (B) The ratio of srGAP2^+^/GFAP^+^ cells to total (a) srGAP2^+^ cells significantly increased, (b) while within the population of GFAP^+^ cells, this ratio was maintained at a similar level. The values are presented as the mean ± standard error of the mean, \*P\<0.05 vs. 3 days. Scale bar=20 µm. srGAP2, SLIT-ROBO Rho GTPase-activity protein 2; GFAP, glial fibrillary acidic protein.](MMR-14-05-4599-g03){#f4-mmr-14-05-4599}

![Expression of srGAP2 in β-tubulin III^+^ cells during differentiation *in vitro*. (A) srGAP2 was expressed in almost all β-tubulin III^+^ cells at 3 and 7 days, specifically in the cell nuclei (arrows). (B) However, the percentage of srGAP2^+^/β-tubulin III^+^ from (a) total srGAP2^+^ cells and (b) total β-tubulin III^+^ cells was significantly reduced at 14 days and no srGAP2 was observed in the cell cytoplasm at this time. The values are presented as the mean ± standard error of the mean, \*P\<0.05, \*\*\*P\<0.001 vs. 3 days, ^\#\#^P\<0.05, ^\#\#\#^P\<0.001 vs. 7 days. Scale bar=20 µm. srGAP2, SLIT-ROBO Rho GTPase-activity protein 2.](MMR-14-05-4599-g04){#f5-mmr-14-05-4599}
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